Proteins located at the nuclear periphery and required for nuclear and cell division are not known in yeast. We recently identified a novel nucleoskeletal-like protein in Saccharomyces cerevisiae, which is in close proximity to the spindle pole body and the nuclear membrane. NSP1 has an essential function, since haploid yeast cells with a defective NSP1 gene cannot grow. In this report, we demonstrate that yeast cells which carry the NSP1 gene under the regulatory G A L 10 promoter exhibit abnormal cell morphology both under conditions where the level of NSP1 expression is greatly increased (the GAL10 promoter is induced) or limited (the GA L10 promoter is not induced). This result suggests that NSP1 is required for the coordinated cell cycle in 5. cerevisiae.
Introduction
The spindle pole body, which organizes the mitotic spindle in the yeast Saccharo myces cerevisiae, is embedded into the nuclear membrane (Byers and Goetsch, 1974). Since the nuclear membrane is not disassembled during mitosis in this lower eucaryote (Matile et al. 1969), the spindle pole body is duplicated and separated within the nuclear membrane during the cell cycle (Byers and Goetsch, 1974). So far, only a few essential components involved in nuclear division and the cell cycleregulated spindle pole body pathway have been characterized (Neff et al. 1983; Baum et al. 1986; Rose and Fink, 1987) . We recently identified a novel nucleoskel etal-like protein (N SP1) at the nuclear periphery in yeast which is essential for cell growth (H urt, 1988) . We show in this paper that the amount of NSP1 expressed in the yeast cell using the regulatory yeast G A L 10 promoter affects cell growth and cell morphology. It is thus likely that NSP1 functions in the cell division cycle of S. cerevisiae.
Materials and methods

Strains, media a nd microbiological techniques
The diploid transformant T F 2 which is heterozygous for NSP1 (a/oc, ade 2-l/ade 2-1, ade 8/ADE 8, can 1-100/can 1-100, his 4/H IS 4, his 3/H IS 3, leu 2-3/leu 2-3, lys 1-l/lys 1-1, ura 3-52/URA 3, nspl/N SPl) was used. It was grown in a selective medium or on selective plates complemented with the appropriate nutrients (SD medium: 2 % glucose, 0.7 % yeast nitrogen base plus nutrients (Sherman et al. 1986 ); SGal medium: 2 % galactose, 0 .7 % yeast nitrogen base plus nutrients).
Sporulation of yeast diploids was induced by growing the cells for 24 h on YPGal or Y PD plates
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(1 % yeast extract, 2 % bacto-peptone, 2 % galactose or 2 % glucose, 2 % agar) anc then transferring them onto YPA plates (1 % yeast extract, 2 % bacto-peptone, 1 % potassium acetate, 2 % agar). It was grown for 2 -4 days at 30°C. Yeast transformation was performed by the lthium acetate method (Ito h ef al. 1983) . Tetrad analysis was performed by incubating sporulated d ploids for lOmin with cytohelicase, streaking then out on YPGal or Y PD plates and dissecting the ascus into the four tetrad spores.
R ep la cem en t o f the N SP1 p ro m o ter by the GAL10 prom oter
The plasmid pEM BLyex4 containing the galactose-inducible GA L10 promoter (Cesareni and Murray, 1987) was used. The NSP1 gene was cut with restriction enzyme AluI at a position which is 18 nucleotides upstream of the putative translation start. T his S'-truncated gene which lacl ed the putative promoter region of the NSP1 gene including the TATA boxes was then irserted downstream of the GAL10 promoter into the polylinker cloning site of plasmid pEMBLyex4. Plasmid pEM BLyex4-G A L10-N SPl was then used to transform the diploid strain T F 2 by
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Glucose Plate spheroplast transformation (Sherman et al. 1986 ). Leu+ transformants were first plated on SD plates lacking leucine/uracil and then transferred to SGal-plates lacking leucine/uracil.
For the galactose-dependent induction of the NSP1 gene, strain T F 2 bearing plasmid pEM BLyex4-G A L10-N SPl was grown in 50m l SD medium to OD (60 0nm) of ~1 ; cells were then harvested by centrifugation and resuspended in either SO ml of SD medium or SGal medium. It was grown for 4 h at 30 °C; cells were harvested by centrifugation and proteins were extracted in 0.5 ml hot S D S sample buffer containing 0 .4 5 -0 .5 mm glass beads by boiling for 15 min at 10()°C with occasional vortexing. Equal amounts of protein from glucose-and galactose-grown cells were analyzed by S D S -8 % polyacrylamide gel electrophoresis and immunoblotting using an immune serum against N SP1.
Isolation of suppressor mutants which tolerate N SP1 overproduction
The diploid transformant T F 2 heterozygous for NSP1 transformed with plasmid pEMBLyex4-GAL10-NSP1 was grown in liquid SD medium lacking leucine and uracil to ODgoo ~l/ m l. Cells were concentrated by centrifugation and ~1 0 8 cells were plated on SGal plates lacking leucine and uracil and incubated for 3 days at 30 °C. Colonies growing after 3 days were picked and replated on SGal plates lacking leucine and uracil.
Electron microscopy
Yeast cells were fixed in 3 % glutaraldehyde for 2 h on ice and then processed for EM as described earlier (Griffiths et al. 1984) .
Miscellaneous
Further details of experimental procedures are described or cited by Hurt (1988) , including SDS-polyacrylamide gel electrophoresis and immunoblotting using protein A coupled to horseradish peroxidase and staining with H202/3,3'-diaminobenzidine. Fig. 1 . Strong overproduction of NSP1 causes arrest of cell growth and induces breakdown of cell integrity. Overproduction of NSP1 was achieved by using the strong GA L10 promoter in combination with a high-copy number plasmid. The NSP1 gene was placed under GAL10 promoter, inserted into a high-copy number plasmid and grown on SGal-or SD-plates lacking leucine and uracil, as described under Materials and methods.
Upper panel: growth of the yeast strain T F 2 containing either the authentic NSP1 gene on a single-copy number plasmid (T F 2 -p A R S -N S P l) or the NSP1 gene under the GAL10 promoter and on a high-copy number plasmid (T F2-G A L 10-N SP 1) on a SGalplate lacking leucine and uracil for 3 days at 30°C. Lower panel: growth of the yeast strain T F 2 containing the NSP1 gene under the GAL10 promoter and on a high-copy number plasmid (TF2-G A L 10-N SP 1) on a SD (glucose)-plate lacking leucine and uracil for 3 days at 30 °C. The inserts show immunoblots of total cell extracts derived from strain T F 2 transformed with plasmid pEM BLyex4-G A L10-N SPl grown for 4 h in either galactosecontaining medium (upper panel) or glucose-containing medium (lower panel). An immune serum against the yeast NSP1 protein was used. The arrows indicate the position of the 100K (K = 1 0 3M r) NSP1 protein, and protein bands below represent proteolytic breakdown products of the 100 K polypeptide. Note that even under conditions of glucose repression NSP1 is still overproduced in the strain TF2-pEM BLyex4-G A L10-NSP1 as compared to the yeast strain T F 2 lacking plasmid pEM BLyex4-G A L10-N SPl (data not shown). T he GA L10 promoter is not completely switched off in the presence of glucose (Guarente et al. 1982) and therefore NSP1 expression might be still significant if the GAL10-NSP1 gene is present on a high-copy number plasmid.
Results and discussion
Strong overproduction of N SP1 causes cell growth arrest and induces abnormal cell morphology
Overproduction of elements of the mitotic apparatus in yeast such as tubulin and KAR1 is known to disrupt fidelity of mitosis and cause cell growth arrest (Rose and Fink, 1987) . Such a phenotype in principle would allow the selection of second-site revertants and the identification of new components involved in the yeast cell cycle.
We recently showed that moderate overproduction of NSP1 (this was achieved by inserting the NSP1 gene into a yeast Ijx plasmid) did not measurably slow down cell growth (H urt, 1988). We therefore wanted to know whether drastic overproduction of NSP1 would affect cell growth. In order to achieve this, the NSP1 gene was placed under the strong, regulatory G A L10 promoter (Guarente et al. 1982) and this construct was inserted into a high-copy number plasmid (Hurt, 1988) . Diploid yeast cells bearing this plasmid grew normally on glucose-containing plates where the G AL 10 promoter was not induced, but stopped growing on galactose-containing plates where the G AL10 promoter was induced (Fig. 1) . Yeast cells harbouring the N SP1 gene under its authentic promoter and inserted into a single-copy number plasmid formed normal colonies on galactose-containing plates. Concomittant with the induction of the G A L10 promoter, a dramatic overproduction and extensive degradation of the NSP1 protein were seen on immunoblots using an antiserum raised against NSP1 (Fig. 1, inserts) . Cells which highly overexpressed NSP1 on galactose-containing plates went through a few doublings before they stopped growing. Microcolonies could be seen under the microscope which showed an 'amorphous' appearance, indicative that the overall cell morphology had changed and that NSP1 overproduction exerted pleiotrophic effects. Cells from these microcolo nies were transferred onto a microscope slide and inspected under the light microscope ( Fig. 2A ) 
Limited N SP1 expression slows down cell growth and can induce morphological abnormalities of yeast cells
When diploid yeast cells carrying the NSP1 gene under the G A L10 promoter and on a high-copy number plasmid were plated on galactose-containing plates, colonies able to grow on the selective medium were obtained with a certain frequency (Fig. 3A ) . These suppressor mutants grew normally as compared to wild-type yeast cells when replated on galactose-containing plates (Fig. 3B ) , but still overproduced NSP1 (Fig. 3 C ) . We assume that in most of these suppressor mutants the NSP1 gene was still under the control of the G A L 10 promoter, but that the extent of NSP1 overproduction was reduced to a level which was tolerated by the yeast cells. For instance, this might have occurred by a reduction of the 2/j, plasmid copy number in the mutant cells. It is important to note that NSP1 became 'toxic' only when it was drastically overproduced. This was only achieved by the combination of a high-copy number plasmid and the strong G A L 10 promoter.
Suppressor mutants which were diploid and heterozygous for N SP1 (one gene copy of N SP1 is inactivated; see also Hurt, 1988) were used to isolate haploid progenies having the N SP1 gene under the control of the regulatory G AL 10 promoter (see also Fig. 4 B ) . In such haploid cells, NSP1 expression could be manipulated by growth on selective media, and the phenotype of cells deprived of NSP1 could be monitored. When diploid suppressor mutants were induced to undergo meiosis and the four tetrad spores derived were germinated on galactosecontaining plates, the expected 4 :0 segregation (four viable spores) was observed.
Cells arising from the four tetrad spores were regrown on either galactose-or glucose-containing plates (Fig. 4A ) . Normal cell growth and morphology was observed for all four tetrad spores plated on galactose-containing plates (Fig. 4B ) . On glucose-containing plates, however, only two of the four tetrad spores grew reasonably well. In comparison, the parental strain T F 2 , containing the N SP1 gene with its authentic promoter on a high-copy number plasmid (T F 2-Y E P 13-N S P 1), when sporulated on glucose-containing plates, gave rise to four viable spores with similar growth rate (data not shown).
Genetic analysis showed that the spores which grew normally carried the wild-type allele of N SP1 (Fig. 4B ) . The two slow-growing progeny contained the genetic markers indicative of the N SP1 gene under G AL 10 promoter control. Under the light microscope, the slow-growing colonies derived from the glucose-containing plate revealed an abnormal cell morphology (Fig. 4 B ) . T h e cells exhibited numerous buds, had an increased cell size and were osmotically-sensitive. However, if cells were grown on galactose-containing plates, they exhibited a normal cell morphology (Fig. 4B ) . We frequently observed this glucose-dependent multibudded phenotype for different tetrad spores carrying the N SP 1 gene under G A L10 promoter control, but the degree to which cell morphology was altered varied.
We believe that in haploid cells which only contain the N SP 1 gene under G A L10 promoter and on high-copy number plasmid (Fig. 4 B ) , glucose does not completely shut off the G A L10 promoter (Guarente etal. 1982) , and as a result NSP1 expression was not completely blocked. Under these conditions, however, NSP1 might become limiting, resulting in retarded cell growth. T h e tendency of the cells expressing N SP1 only in limited amounts to have multiple buds is consistent with a on YPA plates. Since T F 2 is heterozygous for NSP1 and contains an intact and a disrupted copy of NSPJ (see also Hurt, 1988) , haploid progeny were expected which contain the disrupted gene copy of NSP1 plus plasmid pEM BLyex4-G A L10-N SPl (see also B ). Tetrad analysis from sporulated TF2-G A L 10-N SP1 cells was first done on YPGal-plates and progeny from a complete tetrad was then plated on either YPGal-plates (galactose plate) or YPD-plates (glucose plate). It was grown for 3 days at 30°C. (1), (2), (3) and (4), complete tetrad consisting of spore 1, 2, 3 and 4. Spores 2 and 4 grew slowly on the glucose-containing plate (only microcolonies are formed) and contain the NSP1 gene under the regulatory GAL10 promoter (see also Fig. 4B ). (B) Limited NSP1 expression causes abnormal cell morphology. Tetrad analysis of a T F2-G A L 10-N SP1 suppressor mutant was done as described in the legend of Fig. 4A . Haploid progeny containing NSP1 gene under the regulatory G A L 10-promoter grew normal on galactosecontaining plates (GA L10 promoter is induced), but grew slowly on glucose-containing plates (G A L 10 promoter is not induced). For light microscopy, cells containing the NSP1 gene under the GA L 10 promoter were grown for 3 days on galactose-or glucosecontaining plates and fixed in 3 % glutaraldehyde. Cells were analyzed under the light microscope as described in the legend of Fig. 2A . Upper part: schematic representation of the colony size of 4 tetrad-spores grown on galactose-and glucose-containing plates; lower part: light microscopy of a haploid cell containing the NSP1 gene under GAL10-promoter and grown on galactose (left) and glucose (right).
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model in which NSP1 is required for nuclear division (Hurt, 1988) . It is known that in certain cell division cycle (cdc) mutants nuclear division can be impaired from other cell-cycle dependent processes such as bud formation and cell growth. For example, at the non-permissive temperature, the cdc4 mutant arrests as a multibud ded cell because spindle pole body duplication and nuclear division are blocked, whereas other cell-cycle processes still continue (Byers and Goetsch, 1974). We hope to get new information on possible functions of NSP1 in the cell-cycle of Saccharomyces cerevisiae from a detailed electron microscopic study of cells that express only limited amounts of N SP1.
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